Late blight, caused by the oomycete pathogen Phytophthora infestans, is the most devastating potato disease in the world. Control of late blight in the United States and other developed countries relies extensively on fungicide application. We previously demonstrated that the wild diploid potato species Solanum bulbocastanum is highly resistant to all known races of P. infestans. Potato germplasm derived from S. bulbocastanum has shown durable and effective resistance in the field. Here we report the cloning of the major resistance gene RB in S. bulbocastanum by using a map-based approach in combination with a long-range (LR)-PCR strategy. A cluster of four resistance genes of the CC-NBS-LRR (coiled coil-nucleotide binding site-Leu-rich repeat) class was found within the genetically mapped RB region. Transgenic plants containing a LR-PCR product of one of these four genes displayed broad spectrum late blight resistance. The cloned RB gene provides a new resource for developing late blight-resistant potato varieties. Our results also demonstrate that LR-PCR is a valuable approach to isolate genes that cannot be maintained in the bacterial artificial chromosome system.
P
otato late blight, a disease caused by the oomycete pathogen Phytophthora infestans, is one of the world's most devastating plant diseases. Late blight was responsible for the European potato famine in the 19th century, which caused the starvation deaths of more than one million people in Ireland alone. Despite its historic significance, none of the currently grown potato cultivars in the United States have adequate late blight resistance. Currently, late blight is responsible for multibillion-dollar losses annually in both potato and tomato production (1) . Furthermore, in developing countries, where funds for purchasing fungicides are limited, late blight can completely eliminate the potato crop.
A number of wild potato species, such as Solanum demissum (2n ϭ 6x ϭ 72), coevolved with P. infestans, and have provided the primary germplasm for breeding late blight resistance in cultivated potato. At least 11 resistance (R) genes that originated from S. demissum have been incorporated into various potato cultivars (2) . All of these 11 R genes confer race-specific hypersensitive resistance. Potato cultivars possessing such R genes are not resistant to all races of the pathogen. These race-specific R genes provide only short-lived resistance in the field as new virulent races of the pathogen rapidly overcome the resistance encoded by single race-specific resistance genes (3, 4) .
A wild diploid potato species, Solanum bulbocastanum (2n ϭ 2x ϭ 24), is highly resistant to all known races of P. infestans, even under intense disease pressure (5) . Because S. bulbocastanum is sexually incompatible with potato, somatic hybrids between potato and this wild species were developed with the long-term goal of capturing this resistance for use in potato cultivars. The somatic hybrids and a number of backcrossed progenies consistently displayed late blight resistance similar to the parental S. bulbocastanum clone PT29 (5, 6) . Unlike potato varieties containing the R genes derived from S. demissum, no obvious necrotic lesions, which are characteristic of the classical hypersensitive response, were observed. In fact, the pathogen sometimes sporulates on PT29-derived resistant materials. The resistance of the PT29-derived plants is manifested as a slow progression of lesion development that substantially decreases the rate of disease development in the plants. This phenotype of general suppression but not elimination of symptom development has been consistently observed in field tests at various locations in the United States and in Toluca, Mexico, between 1995 and 2002. The late blight resistance associated with the PT29-derived materials could be considered rate-reducing or, in some terms, partial resistance, and can be effectively used in resistance breeding programs (7) .
Several populations have been developed from a fertile somatic hybrid between potato and S. bulbocastanum clone PT29 and its backcrossed progenies. A major resistance locus, RB, was mapped to a specific location on chromosome 8 of S. bulbocastanum (8) . A bacterial artificial chromosome (BAC) contig spanning the RB gene was constructed by using a reiterative approach of BAC walking and high-resolution genetic mapping (9) . In this paper, we report the cloning of the RB gene by a map-based approach used in combination with long-range (LR)-PCR. The cloned RB gene will provide an important resource to develop late blight-resistant potato cultivars and further understand disease resistance mechanisms in plants.
Materials and Methods
DNA Sequencing and Analysis. The DNA sequences of the S. bulbocastanum BAC clones 177O13 and CB3A14 were determined by using a shotgun sequencing strategy as described by Yuan et al. (10) . The two BACs were deposited in the PLN division of GenBank [accession nos. AY303171 (177O13) and AY303170 (CB3A14)]. Multiple sequence alignments were conducted by using CLUSTALX 1.81 software (11) . Diversifying selections were investigated by using PAML (12, 13) .
Long-Range PCR. Primers were designed for each candidate RB gene (from the resistant RB haplotype) based on the sequence information of BAC 177O13 (the susceptible rb haplotype). Individual candidate RB genes were amplified by LR-PCR, using genomic DNA of S. bulbocastanum clone PT29 as a template. Eight-base pair sequences (CGGGATCC) were introduced into all LR-PCR primers (Table 3 , which is published as supporting information on the PNAS web site, www.pnas.org) to create a BamHI restriction site to facilitate cloning of the LR-PCR products. LR-PCR reactions were carried out in a total volume of 50 l containing 2.5 units of Takara LA Taq (PanVera, Madison, WI), 1ϫ reaction buffer, 400 M dNTP, 100 ng of Abbreviations: BAC, bacterial artificial chromosome; LR-PCR, long-range PCR; R, resistance; RGA, R-gene analog. RNA was isolated by using PolyATract mRNA Isolation Systems (Promega). The 5Ј and 3Ј ends of the cDNA were determined by RACE, using the GeneRacer kit (Invitrogen). The RACE primers (Table 5 , which is published as supporting information on the PNAS web site) are identical between the resistant and susceptible haplotypes.
Results

Cloning of the RB Gene by LR-PCR.
The RB locus was previously mapped to chromosome 8 of S. bulbocastanum (8) . The RB locus is heterozygous (RB͞rb) in the original S. bulbocastanum clone PT29 used in the development of genetic mapping populations and BAC libraries. Surprisingly, all 11 BACs associated with the RB locus were derived from the rb haplotype (9) . One of these 11 BACs, 177O13, was fully sequenced. BAC 177O13 contains 163,635 bp, and includes one truncated and four complete CC-NBS-LRR (coiled coil-nucleotide binding site-Leu-rich repeat)-class R-gene analogs (RGAs) (Fig. 1) . The one truncated and four complete RGAs in 177O13 are named rga-tr, rga1, rga2, rga3, and rga4, respectively.
We used a LR-PCR-based approach to clone the RGAs from the RB haplotype. Four primer sets (Table 3) were designed based on the sequences in BAC 177O13 to amplify each of the four complete RGAs. DNA isolated from S. bulbocastanum clone PT29 was used as the LR-PCR template. Four LR-PCR products with expected sizes of 13.0, 8.6, 11.8, and 7.9 kb were successfully amplified from S. bulbocastanum and cloned into the pGEM-T or pCR-XL-TOPO vectors. End sequencing and CAPS markers (Table 4) were used to determine the rb or RB origin of each cloned LR-PCR fragment. To avoid potential PCR artifacts, we cloned three independent LR-PCR products for each of the four RGAs. All four RGAs derived from both rb and RB haplotypes were recovered from the LR-PCR experiments. The four RGAs derived from the RB haplotype are denoted RGA1-PCR, RGA2-PCR, RGA3-PCR, and RGA4-PCR, and were cloned into the BamHI site of the binary vector pCLD04541 for complementation studies. Table  2 ). Leaves of all susceptible plants displayed typical spreading lesions, with water-soaked areas and extensive rotting developed at later time points. In contrast, all 14 plants derived from independent transformations by using the RGA2-PCR construct displayed resistance to the pathogen. P. infestans infection of these plants was significantly delayed and limited to the lower leaves. Small lesions that developed on the lower leaves were restricted to the infected area.
One of the RGA2-PCR transgenic lines, SP922, was subsequently tested by using five additional isolates of P. infestans ( Table 1 ). The SP922 plants showed remarkable resistance to all five isolates, including 126C18, a ''super race'' that overcomes all 11 major R genes identified in S. demissum (16) . Untransformed Katahdin plants were all susceptible (data not shown). SP922 was susceptible to early blight when it was inoculated with isolate AS98-100 of the early blight pathogen Alternaria solani (data not shown). This result is consistent with independent segregation of early blight resistance and the RB locus observed in BC1 populations derived from the potato-PT29 somatic hybrids (J.P.H., unpublished work). The complementation results demonstrated that RGA2 represents the functional RB gene.
Attempts to Clone RB from BAC. Sequence analysis of BAC 177O13 revealed that a 102-kb region, which spans rb, is devoid of BamHI restriction sites. Because approximately two-thirds of the PT29 BAC library was developed from partial BamHI digestion (9, 17) , the lack of BAC clones containing the RB allele may be due to the lack of BamHI sites in this region. We constructed a BAC library, consisting of 8,448 clones, by complete BamHI digestion of PT29 DNA. Four BAC clones were identified by using probes located in the RB region. Three of the four clones were derived from the rb haplotype. The fourth BAC, CB3A14, was derived from the RB haplotype.
Complete sequencing of CB3A14 revealed four complete RGAs. The truncated RGA found in 177O13 was not observed in CB3A14 (Fig. 1) . The four RGAs in CB3A14 were designated RGA1-BAC, RGA2-BAC, RGA3-BAC, and RGA4-BAC. A cosmid library was developed from CB3A14 by using the binary vector pCLD04541. Cosmid clones containing each of the four RGAs were selected by PCR, using two sets of primers designed for each RGA (Table 6 , which is published as supporting information on the PNAS web site), and were used to transform Katahdin. Surprisingly, transgenic Katahdin plants containing all four constructs, including RGA2-BAC, did not show increased resistance compared with the control Katahdin plants (Table 2 and Fig. 2 ). These results indicate that RGA2-PCR and RGA2-BAC do not represent the same genomic DNA sequences. Sequence analyses of RGA2-PCR and RGA2-BAC, as well as BACs 177O13 and CB3A14, revealed that a 3.6-kb deletion occurred in CB3A14 between the 3Ј region of RGA2 and the middle of RGA-tr (Fig. 1) .
A pair of primers (Table 3 ) spanning the putative 3.6-kb deletion were designed based on the CB3A14 sequence. An expected 7-kb fragment was amplified from CB3A14, whereas a 10-kb fragment was amplified from both PT 29 genomic DNA and BAC177O13 (Fig. 3) . We then conducted PCR analysis of 12 independent clones from the original well containing BAC CB3A14. A 7-kb band was amplified from 10 of the 12 clones. Plants were inoculated with P. infestans US930287 and scored for symptoms 7 days after inoculation. Plants were scored as resistant (R) if the resistance score was Ն7.0 (Յ25% infection); plants were scored as susceptible (S) if the resistance scores was Յ6.9 (Ͼ25% infection). *These correspond to independent transformation events.
† Of the 14 resistant plants, nine plants had a score of 7 and five plants had a score of 8. 3 . Stability analysis of CB3A14. Culture from the original well of BAC CB3A14 was streaked, and plasmid DNA from 12 independent clones (lanes 1-12) was isolated and used as a template for PCR analysis with primers GAP-1a and GAP-1b ( Table 3 ) that span the 3.6-kb deletion (Fig. 1) . In the experiment represented by lane 13, genomic DNA from S. bulbocastanum clone PT29 was used as a template. In the experiment represented by lane 14, DNA from BAC 177O13 was used as a template.
One clone (Fig. 3, lane 7) produced both 7-and 10-kb products, indicating that it is likely a mixture of the deletion derivatives and intact fragments. A second clone (Fig. 3, lane 3 ) produced a major 10-kb band and a few faint smaller bands, similar to the pattern produced from PT29 genomic DNA. We were unable to rescue this clone by retransforming the BAC plasmid into different E. coli strains because a similar deletion pattern was again observed. These results confirmed that the original BAC CB3A14 cannot be stably maintained in E. coli.
Transcript Analysis of the RGAs. The structures of the four RGAs were determined by comparing the genomic DNA sequences derived from BAC CB3A14 and LR-PCR products with 5Ј and 3Ј RACE products. Multiple RACE products from each experiment were sequenced to avoid PCR errors. Sequences of the 5Ј and 3Ј RACE products for each RGA overlapped and provided complete coverage of the transcribed region. RACE analysis revealed that RGA1, RGA2 (RB), RGA3, and RGA4 are all expressed and have a similar structure with a single intron (Fig.  4A) . RB was transcribed in leaves of S. bulbocastanum plants in the absence of pathogen challenge, suggesting that it is constitutively expressed. Sequences of 5Ј and 3Ј RACE products of RGA2 (RB) revealed two complete primary transcripts. One corresponded to rga2 (rb) in BAC 177O13 and the other matched with the RGA2-PCR sequence except for a 679-bp intron (positions 430-1,108) and three nucleotide mismatches. The three mismatches were caused by LR-PCR, which was confirmed by partial sequencing of the corresponding region of two additional independent LR-PCR products. The 5Ј transcript was identical to only the first 2,295 bp of the 5Ј sequence of RGA2-BAC, excluding an identical intron region observed in RGA2-PCR. However, none of the three 3Ј transcripts matched the RGA2-BAC sequence, confirming that the 3.6-kb deletion starts from the 3Ј coding region of RGA2 (RB).
Structure and Evolution of the RB Gene Family. The RB transcript was determined to be 3,319 bp and to contain 130-and 276-bp UTR at the 5Ј and 3Ј ends, respectively. The RB gene encodes a predicted polypeptide of 970 aa with a molecular weight of 110.3 kDa (Fig. 4B) . The predicted RB protein belongs to the NBS-LRR class of R proteins (18) . Its putative NBS domain consists of three motifs: kinase 1a or P-loop (positions 182-190), kinase 2 (positions 255-264), and kinase 3a (positions 288-293) (Fig. 4B) . Downstream of the kinase motifs is a domain with unknown function conserved among resistance genes: QLPL, CFAY, and MHD motifs (19) . The deduced RB protein contains one putative five-heptad leucine zipper motif near the N terminus (positions 10-45). Another region containing four-heptad repeats (positions 588-609) was observed within the LRR domain (Fig. 4B) . The LRR domain consists of 21 LRR repeats, several of them imperfect.
The RB gene family includes one truncated and four complete genes in both the resistant and susceptible haplotypes (Fig. 1) . In the susceptible haplotype, gene rb had a point mutation resulting in a premature stop codon (at the 454th codon). Both rga1 and rga3 had a 1-bp frame-shift deletion. Therefore, rb, rga1, and rga3 are likely to be pseudogenes. The four complete genes in both haplotypes are similar in length (2,895-2,979 bp) and have conserved intron-exon structures. The resistant and susceptible haplotypes were highly conserved, with 98.8% overall nucleotide identity in a 39-kb region. Regions flanking these genes were also highly conserved between the two haplotypes, but differed between different sites within each haplotype. The RB and rb sequences exhibited 99.8% nucleotide identity, with only three synonymous mutations, one nonsynonymous mutation, and one 18-bp deletion. High nucleotide identity (Ͼ98.8%) was also observed between the other four pairs of homologs (Fig. 1) . In contrast, the paralogs exhibited only 79.6-85.6% nucleotide identity. No obvious sequence exchange between paralogs was found. Therefore, there is an obvious orthologous relationship between members located at the same position in resistant and susceptible haplotypes.
Diversifying selections have been detected in many different resistance gene systems (20) . Selections on each site of the RB homologs were investigated by using model M2 in the program CODEML of PAML (12, 13) . Eight sites were found to be under diversifying selection, with posterior probability Ͼ0.95 (Fig. 5) , seven of them located at the regions potentially encoding solvent-exposed residues within the LXXLXXLXLXXC͞NXX motif of the LRR repeats, consistent with previous studies.
Discussion
We have demonstrated that transgenic Katahdin plants containing the RB gene show resistance to all tested isolates, including a ''super race'' that can overcome all 11 known R genes in potato. The RB gene encodes a polypeptide of 970 aa and belongs to the CC-NBS-LRR class of plant resistance genes (21) . RB is more closely related to the I2 protein of tomato (30% identity, 47% similarity over 1,070 aa) than it is to any other known R protein (22) . RB has limited similarity with the protein of R1 (22% identity, 49% similarity over 902 aa), a gene derived from S. demissum that confers hypersensitive resistance to potato late blight (23) . Many R genes are organized in clusters (24) . Similarly, RB is a member of a four-gene family located within a 40-kb region on chromosome 8. RB transcript was detected in unchallenged plants, indicating that RB is expressed in the absence of the corresponding Avr-expressing pathogen, similar to other R genes that function in pathogen surveillance (25) .
Sequence comparison between RB and its susceptible allele rb revealed a C 1362 to G point mutation that creates a stop codon in the second exon at Tyr-454. Other than this stop codon within rb, the amino acid sequences deduced from RB and rb are highly similar, with only three synonymous point mutations (C 28 to T, T 2635 to C, and A 2745 to G), a point mutation of T 65 to C that changes valine to alanine, and a deletion of an 18-bp sequence that resulted in a loss of six amino acids (KIQLCC) in the 18th LRR repeat. It is likely that the premature stop codon in the rb sequence resulted in the loss of function, but the effects of other mutations, particularly the 18-bp deletion, remain unclear. RGA2-BAC, a chimera of RB and RGA-tr generated during BAC propagation, failed to complement RB function, suggesting that the last 151 aa in the LRR domain are essential for the function of RB resistance.
Both RB and rb contain 21 LRR repeats, whereas RGA1, RGA3, and RGA4 contain 22 LRR repeats (Fig. 6 , which is published as supporting information on the PNAS web site). The variation of LRR repeats may play a role in determining the recognition specificity of the RB protein. It has been demonstrated that expansion and contraction of LRR repeats are responsible for loss of function or recognition specificities of plant disease resistance genes. In flax, inactivation of the rust resistance gene M was associated with the loss of a single repeated unit within the LRR coding region (26) . Sequence analysis of mutant RPP5 alleles identified four duplicated LRR repeats in comparison to the wild-type RPP5 gene (27) . Recently, domain swapping and gene shuffling of tomato proteins Cf-4 and Cf-9 also demonstrated that variation in LRR copy number plays a major role in determining recognition specificity in these proteins (28) . R proteins may perceive the presence of more than one Avr proteins (29) . Two recently identified R genes, RPW8.1 and RPW8.2, which consist of only a coiled-coil domain and a single N-terminal transmembrane domain, confer resistance to all tested isolates of four species of powdery mildew of Arabidopsis, indicating that RPW8-mediated resistance may not involve a gene-for-gene interaction (30) . Dual recognition has been demonstrated in several cases. For example, RPM1 recognizes two nonhomologous P. syringae avr genes (31) . Similarly, the tomato Mi gene confers resistance both to the root-knot nematode and to potato aphid (32) . The broad spectrum resistance against multiple races of P. infestans suggests that the RB protein may recognize conserved molecules from different races of the pathogen.
Gene RB shows an evolutionary pattern typical to Type II resistance genes (H.K., E. Nevo, and R. W. Michelmore, unpublished work). Gene RB, like the Type II RGC2 resistance genes in lettuce, might be highly conserved in different genotypes or closely related species and present at high frequencies in natural populations. This is consistent with the observation that many accessions of S. bulbocastanum are highly resistant to all races of P. infestans. There might be purifying selection on RB orthologs, even at the hypervariable sites in the LRR motif, as observed in K orthologs in lettuce (H.K., E. Nevo, and R. W. Michelmore, unpublished work) . This hypothesis can be tested when more RB orthologs become available.
Resistance of potato germplasm developed from S. bulbocastanum clone PT29 is effective against all known races of the late blight pathogen. There have been no reports that this resistance has been overcome by any of the P. infestans pathotypes. Transgenic Katahdin plants with the RB gene developed limited lesions on the lower leaves consistent with symptoms noted in field evaluations of the RB-containing progenies derived from S. bulbocastanum clone PT29 (5). The RB locus on chromosome 8 explains 62% of the genetic variation in late blight resistance in the progenies derived from S. bulbocastanum (8) . Quantitative trait loci (QTL)-associated late blight resistances, which have been identified in various potato populations (33) (34) (35) , may also contribute to the resistance of S. bulbocastanum clone PT29. Thus, RB may represent a substantial part, but not all, of the resistance contained within the genome of S. bulbocastanum clone PT29.
Currently, none of the major potato varieties grown in the United States contain resistance to US-8, the most prevalent genotype of P. infestans. Late blight-resistant germplasm has been developed from potato-S. bulbocastanum somatic hybrids (6) . These materials can be valuable for breeding new late blight-resistant cultivars through marker-assisted selection. However, because the potato genome is tetraploid and highly heterogeneous, the production of late blight-resistant cultivars acceptable to industry may not be efficiently realized through repeated backcrosses of the S. bulbocastanum-derived germplasm to modern cultivars. Replacing old and disease-susceptible potato varieties has been an extremely slow process because these current varieties are well adapted to the processing industry. Russet Burbank, a late blight-susceptible variety released more than 100 years ago, still accounts for almost half of the potato acreage in the United States. With the deployment of the cloned RB gene it is now possible, through genetic engineering, to render the current popular potato varieties late blightresistant.
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